It was reported that 8-hydroxygenistein (8-OHG) was synthesized by methylation, bromination, methoxylation, and demethylation using cheap and readily available biochanin A as raw material. All synthesized products were structurally confirmed by ultra-highperformance liquid chromatography (UHPLC), infrared spectroscopy, mass spectrometry, 1 H-nuclear magnetic resonance (NMR), and 13 C-NMR. In addition, we examined the antioxidant capacity of 8-OHG using 6 different methods such as 1,1-diphenyl-2-picrylhydrazyl radical scavenging, 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonate) radical (ABTS) scavenging, nitric oxide radical (NO) scavenging, superoxide radical (O 2 −• ) scavenging, reducing power assay, and total antioxidant activity using ascorbic acid (V C ) as a positive control. Compared with V C , 8-OHG exhibited higher total antioxidant activity and stronger scavenging activity on ABTS, NO, and O 2 −• . These results indicate that 8-OHG is an excellent antioxidant agent and may be effective in preventing damage induced by free radical.
Isoflavones are a large class of natural products that almost exclusively exist in Leguminosae plants. Isoflavone compounds are of particular interest due to their broad spectrum of biological activities, including antibacterial, antioxidation, anticancer, anti-inflammatory, and cardiovascular activities, and play an important role in the prevention and treatment of common diseases. 1 Biosynthetically, as the simplest isoflavone of the Leguminosae, 2 genistein displays a wide range of biological activities, including antidiabetic effect, 3 neuroprotective effect, 4 antioxidant, 5 anticancer, 6 and anti-microbial activities. 7 However, shortcomings still exist, such as low fat solubility and low water solubility, 8 low bioavailability, 9 and multiple targets, which obviously confine its clinical and therapeutic application. To acquire drugs that are more pharmacologically active but with less adverse reactions for clinical use, many studies have focused on the synthesis of genistein derivatives.
The genistein derivatives are mainly modified by glycosylation, alkylation, esterification, and hydroxylation. 10, 11 Among them, hydroxylation is a common modification of isoflavones occurring in nature. This modification can produce more complex isoflavones which sometimes possess higher bioactivity than their precursors. In structure-activity relationships, the number and positions of hydroxyl groups in the chemical structures significantly affect the functions of the isoflavones, and increasing the number of phenolic hydroxyl groups can increase bioactivity. For example, 3-hydroxygenistein was identified as a potent melanogenesis inhibitor from the biotransformation of genistein by recombinant Pichia pastoris. 12 The hydroxyl group in the molecular structure of isoflavones is the main active group, and increasing the number of hydroxyl groups can increase the antioxidant activity. Due to the fact that polyhydroxy isoflavones are not abundant in nature, it is hard to get enough quantity for biological analysis from natural products. Therefore, it is necessary to prepare biologically active polyhydroxy isoflavones by chemical synthesis.
As shown in Figure 1 , 8-hydroxygenistein (8-OHG, 4′,5,7,8-tetrahydoxyisoflavone) is a novel isoflavone derivative with a hydroxyl group at C-8 position of ring A in genistein. Chang et al isolated and purified 8-OHG from soy germ koji by high-performance liquid chromatography (HPLC) method and found that 8-OHG could inhibit both monophenolase and diphenolase activities of tyrosinase. 13 However, the practical and economical synthetic pathway has not yet been defined.
The objective of this study was to synthesize ( Figure 2 ) and evaluate the antioxidant activity of 8-OHG. It was found that biochanin A was selectively methylated using different methylation reagents. We could get 4′,5,7-trimethoxyflavone in high yield (97%) using dimethyl sulfate as methylation reagent, but it was hard to get 4′,5,7-trimethoxyflavone in high yield using excessive iodomethane (CH 3 I) as methylation agent and prolonging the reaction time. Compound 1a was confirmed by 1 H-nuclear magnetic resonance (NMR) (supplemental Figure  S1 , signals for 5-and 7-OCH 3 protons in the 1 H-NMR spectrum appeared at δ 3.93 and 3.88 ppm). Brominated isoflavone was the key intermediate in the synthetic route. Nbromosuccinimide (NBS) was chosen to cleave the C-8 position of 4′,5,7-trimethoxyflavone in 82% yield. Compound 1b was confirmed by 1 H-NMR spectroscopy (supplemental Figure  S4 , loss of H-6 and H-8 signals, unchanged signals for the spin-spin coupling system of the B ring). The methanolysis of 8-bromo-4′,5,7-trimethoxyflavone promoted by the system MeO -/copper(I) bromide (CuBr) gave the 4′,5,7,8-tetramethoxyflavone in 75% yield. Compound 1c was confirmed by 1 H-NMR spectroscopy (supplemental Figure S7 , signal for 8-OCH 3 proton in the 1 H-NMR spectrum appeared at 3.83 ppm). 8-OHG was obtained by the demethylation reaction of 1c with boron tribromide (BBr 3 ) in anhydrous dichloromethane (CH 2 Cl 2 ) in 80% yield (supplemental Figure S10 , loss of OCH 3 proton signals, while signals for OH protons appeared in the range δ 12.81-8.70 ppm).
8-OHG was obtained with the total yields of 48% (calculated as biochanin A). The purity of 8-OHG determined by ultra-HPLC (UHPLC) ( Figure 3 ) exceeded 95%. The full process provided a pathway for convergent synthesis of 8-OHG starting from the inexpensive biochanin A.
In this study, the antioxidant activities of 8-OHG were evaluated using 6 different assays: 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), nitric oxide (NO) and superoxide (O 2 − •) radical scavenging, reducing power capability, and total antioxidant capacity (TAC) assay.
DPPH radical scavenging assay has been widely used to measure the antioxidant activity of natural compounds based on their abilities to reduce radicals. The inhibitory effects of the 8-OHG and V C on DPPH radical were shown in Figure 4 (a) and Table 1 . 8-OHG and V C exhibited dose-dependent scavenging activity on DPPH radical with half-maximal inhibitory concentration (IC 50 ) values of 0.29 mmol/mL (r 2 : 0.9930) and ABTS radical scavenging reflects the electron or hydrogen donating ability of antioxidants, and it is broadly used to evaluate the antioxidant activity of natural compounds. The inhibitory effects of 8-OHG and V C on ABTS radical were shown in Figure 4 (b) and Table 1 . Both 8-OHG and V C possessed inhibitory effects on ABTS radical in a dose-dependent manner. The IC 50 values of 8-OHG and V C were 0.12 (r 2 : 0.9937) and 0.78 (r 2 : 0.9904) mmol/mL, respectively. At the concentration of 0.5 mmol/mL, the scavenging rates of 8-OHG and V C reached to 81.98% and 42.66%, respectively. 8-OHG showed better inhibitory activity against ABTS radical than V C .
As an abundant reactive radical, NO acts as an important oxidative biological signaling molecule in many diverse physiological processes, such as neurotransmission, blood pressure regulation, defense mechanisms, smooth muscle relaxation, and immune regulation. Nevertheless, excess NO can lead to inflammation and destruction of proteins, lipids, and deoxyribonucleic acid. 14 The results of NO radical scavenging effect of 8-OHG and V C were given in Figure 4 (c) and Table 1 . Both 8-OHG and V C showed dose-dependent NO scavenging activities ranging from 10.29% to 81.44% for 8-OHG and from 18.42% to 51.01% for V C at concentrations of 0.0625-1 mmol/ mL. When the concentration further increased, the NO scavenging rate changed slowly. The calculated IC 50 values of •), generated by mitochondrial electron transport systems, is the most common free radical in the human body. 15 It is a weak free radical but can create other strong free radicals, such as hydroxyl radical (·OH) and hydrogen peroxide that may result in various diseases. 16 The results of the O 2 − • radical scavenging effect of 8-OHG and V C at various concentration levels were illustrated in Figure 4(d) and Table 1 . The superoxide radical scavenging ability of 8-OHG increased with the increasing concentration. The scavenging rates of 8-OHG and V C were 87.57% and 67.32%, respectively, at 1.0 mmol/mL. The calculated IC 50 values of 8-OHG and V C were 0.24 mmol/mL (r 2 : 0.9854) and 0.69 mmol/mL (r 2 : 0.9905), respectively. The results suggested that 8-OHG owned higher O 2 − • scavenging activity than V C . The antioxidant activity of 8-OHG was also evaluated using reducing power assay and TAC assay. The reducing capacity reflects the electron donation ability of the compound. As shown in Figure 5 (a), the reducing power of 8-OHG and V C increased and correlated well with the increasing concentration. However, the reduction power of V C was relatively more pronounced than 8-OHG. The TAC of 8-OHG was assessed spectrophotometrically by the phosphomolybdenum method. Results in Figure 5 (b) indicated that 8-OHG showed higher TAC than V C .
In conclusion, 8-OHG was synthesized in good yield via a simple and effective method using biochanin A as a starting material. It was also found that 8-OHG possessed stronger scavenging capacities on ABTS, NO, and superoxide radicals than that of V C . Moreover, 8-OHG also exhibited higher TAC than V C . Structurally, the strong antioxidant activity of 8-OHG was attributed to the presence of 4 hydroxyl groups, 2 of which in ortho position in molecular structure. The results of the present study indicated that 8-OHG was assumed to be useful as antioxidant agents for the treatment of oxidativerelated diseases. Further investigation will be performed to identify the antioxidant activity of 8-OHG in vivo.
Experimental

General
Melting points (uncorrected) were obtained using an X-4B micro melting point apparatus. 1 H and 13 C-NMR spectra were recorded on a Bruker Avance III HD spectrometer at 400 MHz and 100 MHz, respectively. Infrared spectra were obtained on a Bruker ALPHA FT/IR spectrometer. The absorptions were reported on the wavenumber (cm −1 ) scale, in the range 400-4000 cm −1 . High-resolution mass spectra (HRMS) were recorded on the Apex II by means of the Electrospray Ionization (ESI) technique. Low-resolution mass spectra were recorded on Agilent 6460 triple-quadrupole mass spectrometer with ESI. Data are quoted: m/z value (relative abundance). The purity was analyzed by UHPLC using a Thermo instrument with a thermo Acclain-C 18 column (100 × 2.1 mm, 2.2 µm, USA).
Reagents and Materials
Biochanin A was purchased from Ci Yuan Biotechnology Co., Ltd. (Shanxi, China), BBr 3 , potassium persulfate, sodium nitroprusside, sulfanilamide, naphthyl ethylenediamine hydrochloride, and ammonium molybdate were obtained from Aladdin Industrial Co. DPPH, ABTS disodium salt, nitroblue tetrazolium (NBT), phenazine methosulfate (PMS), nicotinamide adenine dinucleotide (NADH), and trichloroacetic acid (TCA) were purchased from Sigma Chemical Co.
4′,5,7-Trimethoxyflavone (1a)
Commercially available biochanin A (2.84 g, 10 mmol) and potassium carbonate (3.04 g, 22 mmol) were dissolved in acetone (100 mL) and then dimethyl sulfate was added (2.08 mL, 22 mmol) to the solution at room temperature. The mixture was heated to 60°C and stirred for 6 hours (course of reaction monitored by TLC). Then the reaction terminated with ammonium hydroxide (5 mL of 10% solution in water), and acetone was removed under vacuum. The residue was poured into Figure S1 ). Figure S3 ).
8-Bromo-4′,5,7-Trimethoxyflavone (1b)
NBS (2.14 g, 12 mmol) was added dropwise to a solution of compound 1 (3.12 g, 10 mmol) in dimethylformamide (DMF) (30 mL). Then the reaction mixture was stirred at room temperature for 2.5 hours (course of reaction monitored by TLC). After that, the mixture was poured into cold 2 M hydrochloric acid (HCl) (20 mL Figure S6 ).
4′,5,7,8-Tetramethoxyflavone (1c)
A solution of 25% sodium methoxide in methanol (20 mL, 0.2 moL) was added to the suspension of CuBr (0.7 g, 5 mmol) in DMF (15 mL Figure  S7 ). Figure S8) Figure S9 ).
8-Hydroxygenistein
1M BBr 3 (2 mL) in CH 2 Cl 2 was added dropwise to a stirred solution of 1c (328 mg, 1 mmol) in anhydrous CH 2 Cl 2 (10 mL) at −15°C. The reaction mixture was stirred at room temperature for another 12 hours (course of reaction monitored by TLC). Then the mixture was quenched with cold water. CH 2 Cl 2 was removed under vacuum. The residue was poured into water. The obtained solid was collected, dried under vacuum, and recrystallized from aqueous methanol (2:1) to give compound 1 as yellow crystals.
Yield: 80%. MP >320°C (330°C). 18 Figure S10 ). Figure S12 ).
Purity Test
The purity of 8-OHG detected using UHPLC with a thermo Acclain-C18 column (100 × 2.1 mm, 2.2 µm, USA). Isocratic elution was performed using water (H 2 O) (A) and methanol (B) with the following gradient combination: 40% B (0-10 min). The column temperature was 25°C. The flow rate was 0.2 mL/min, and 10 µL of the sample was injected. The detection wavelength was 254 nm.
DPPH Radical Scavenging Assay
The DPPH radical scavenging activity was determined according to the Zhang method with some modifications. 19, 20 For this, 50 µL of various concentrations (0.0625-2.0 mmol/mL) of samples were added to 150 µL of 0.2 mM DPPH radical solution in ethanol and the resulting mixture incubated for 0.5 hours in the dark at room temperature. The absorbance of the mixture was measured at 517 nm using a microplate reader (Spectramax i3, Molecular Devices). The absorbance of the positive control (ascorbic acid, V C ) and control (DPPH radical without sample) was also measured. The percentage of DPPH radical scavenging activity was calculated using the following equation:
Scavenging activity (%) = (1 -A 1 /A 0 ) × 100,
A 1 and A 0 were the absorbance of sample and control, respectively.
Antioxidant activity was expressed as IC 50 (mmol/mL) values. Here, IC 50 values were referred to as a concentration of a sample with a 50% DPPH radical scavenging rate. IC 50 was calculated by the linear equation obtained based on the concentration and inhibition percentage. A lower IC 50 value corresponds with higher antioxidant activity. All samples were analyzed in triplicate.
ABTS Radical Scavenging Assay
The ABTS radical scavenging activity was measured based on the following method. 21 Briefly, ABTS-mixture solution was prepared by mixing an equal amount of 7 mM ABTS and 2.45 mM potassium peroxodisulfate solutions for 16 hours rotation in the dark at room temperature. Thereafter, ABTS-working solution was prepared after dilution of the ABTS-mixture solution (1 mL) in methanol (3.9 mL) before use. The reaction was started by the addition of the ABTS-working solution (200 µL) into varying concentrations of test samples (50 µL) and then allowed to proceed at room temperature for 10 minutes in the dark. The absorbance of the resulting solution was measured at 734 nm in a microplate reader (Spectramax i3, Molecular Devices). V C was used as a reference standard. The percentage of scavenging was calculated according to Eq. (1).
NO Radical Scavenging Assay
The NO radical scavenging assay was measured by the Griess reaction with some modifications. 22 In brief, 50 µL of various concentrations (0.0625-2.0 mmol/mL) of samples were added to 50 µL of sodium nitroprusside (20 mmol/L in phosphate buffer, pH 7.4). The reaction mixture was incubated for 150 minutes under light at room temperature. After incubation, 50 µL of 0.33% (w/v) sulfanilamide (in 20% glacial acetic acid) were added and the whole kept standing for 10 minutes. Then 50 µL of 0.1% (w/v) naphthyl ethylenediamine hydrochloride were added, and the resulting solution was further incubated for 30 minutes. The absorbance was measured at 540 nm in a microplate reader (Spectramax i3, Molecular Devices). V C was used as a reference standard. The NO radical scavenging activity was calculated according to Eq. (1).
Superoxide Radical Scavenging Assay
The superoxide scavenging activity was determined by the PMS-NADH-NBT system with slight modifications. 23 For this, 50 µL of NBT solution (0.2 mM in distilled water), 50 µL of NADH solution (0.5 mmol/L in 0.1M Tris-HCl, pH 8.0), and 100 µL of samples with different concentrations (0.0625-2.0 mmol/mL) were mixed and treated with 50 µL of PMS solution (25 µM PMS in distilled water). The reaction mixture was incubated at room temperature for 10 minutes, and the absorbance at 570 nm in a microplate reader (Spectramax i3, Molecular Devices) was measured. V C was used as a positive control. Decreased absorbance of the reaction mixture indicates increased superoxide anion scavenging activity. The percentage of scavenging was calculated according to Equation (1).
Reducing Power Assay
The reducing power assay was performed according to the method of Oztaskin. 24 For this, 100 µL of various concentrations (0.03125-0.5 mmol/mL) of samples were mixed with 2.5 mL of 0.2 mol/L sodium phosphate buffer (pH = 6.6) and 2.5 mL of 1% (w/v) potassium ferricyanide. The mixture was incubated for 30 minutes at 50°C and then 2.5 mL of 10% TCA was added. Subsequently, the mixture was centrifuged at 3000 rpm for 10 minutes. The upper layer fraction (2.5 mL) was mixed with 2.5 mL of distilled water and 0.5 mL of 0.1% ferric chloride. The absorbance was measured at 700 nm after 10 minutes (Spectramax i3, Molecular Devices). V C was used as a positive control. A higher absorbance indicates a higher reducing power. All samples were tested in triplicate.
Phosphomolybdenum Assay (TAC)
TAC of samples was determined by the phosphomolybdate method according to Albayrak. 25 For this, 100 µL of various concentrations (0.0625-1.0 mmol/mL) of samples were mixed with 1.0 mL of reagent solution (0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium molybdate). The reaction mixture was incubated for 90 minutes at 95°C in a water bath. Then the resulting solution was rapidly cooled to room temperature. The absorbance of the resulting solution was measured at 695 nm. V C was used as a positive control. A higher absorbance indicates a higher total antioxidant activity. All samples were tested in triplicate.
Statistical Analyses
The experiments were carried out in triplicate, and the results were expressed as a mean ± standard deviation (SD). The halfmaximal effective concentration values were calculated via
